Suzukiite from the Mogurazawa mine, Gunma Prefecture, Japan exhibits orthorhombic space group Cmcm, a = 5.3546(16), b = 15.249(5), c = 7.094(2) Å, Z = 2. Electron microprobe analyses yielded the empirical formula (Ba 0.977 Sr 0.027 ) Σ1.004 V 1.013 Si 1.985 O 7 . The crystal structure was refined to R = 0.0211. The crystal structure of suzukiite comprises BaO 11 polyhedra, SiO 4 tetrahedra, and VO 5 square pyramids. The Si 4 O 12 chain runs parallel to the c axis, and the VO 5 square pyramids link the chains to form a layer parallel to the ac plane. Ba atoms are located in the interlayer region and stack alternatively with the silicate-vanadate layers. The coordination of Ba in suzukiite is considerably distorted owing to the tight framework of the silicate-vanadate layer. The b length of the unit cell of suzukiite is larger than that of haradaite, the Sr analogue, whereas the a and c lengths show no remarkable difference.
INTRODUCTION
Suzukiite, ideally BaVSi 2 O 7 , was described as a new mineral from the Mogurazawa mine, Gunma Prefecture, Japan (Matsubara et al., 1982) . This flaky green mineral is the Ba-analogue of haradaite, whose crystal structure has been determined and refined (Takéuchi and Joswig, 1967; Basso et al., 1995; Berger and Range, 1996) . However, the crystal structure of suzukiite is yet to be reported. Therefore, we carried out crystal structure determination for suzukiite using a single crystal to verify Ba-Sr substitution in the vanadium silicates. A crystal of suzukiite was selected for chemical and crystallographic examinations from a specimen of suzukiite from the Mogurazawa mine, the type locality, stored in the mineral collection of the National Museum of Nature and Science, Japan (NSM-M43751).
EXPERIMENTAL Chemical composition
Quantitative analyses of the chemical composition of suzukiite were performed using a JEOL JXA-8800M WDS electron microprobe analyzer. The accelerating voltage, beam current, and beam diameter were 15 kV, 20 nA, and 2 µm, respectively. Results of the chemical analyses are shown in Table 1 . An empirical formula of suzukiite can be expressed as (Ba 0.977 Sr 0.027 ) Σ1.004 V 1.013 Si 1.985 O 7 from the analytical results on the basis of O = 7.
Crystal structure analysis
A single crystal of suzukiite suitable for measurement of X-ray diffraction intensities was selected from the specimen, and it was mounted on a glass fiber. Diffraction data were then obtained using a Bruker SMART APEX2 CCD area-detector diffractometer with MoKα radiation (λ = 0.71073 Å). Intensity data reduction and corrections for the Lorentz and polarization factors and for background effects were performed using the SAINTPLUS program doi:10.2465/jmps.140520 R. Miyawaki, miyawaki@kahaku.go.jp Corresponding author (Bruker, 1997 ). An empirical correction for the absorption of crystal based on symmetrically equivalent reflections was performed using SADABS software (Sheldrick, 1997) . The structure was determined by the direct method and expanded with a Fourier technique using the SHELXTL (Sheldrick, 2008) program. Both the centric (Cmcm, #63) and acentric (C2cm, #40) models were examined for suzukiite by referring to those of haradaite (Takéuchi and Joswig, 1967; Basso et al., 1995) . The occupancy parameters of Ba and Sr were fixed to 0.97 and 0.03, respectively, on the basis of the chemical composition. Experimental details of the data collection and crystal structure analysis are given in Table 2 . The floating origin restraints were generated automatically by the SHELXTL (Sheldrick, 2008) program in the refinements for the acentric (C2cm) model. The 1 restraint among 57 parameters (Table 2) is the restraint for x coordinates pinning the floating origin.
RESULTS AND DISCUSSION

Description of the crystal structure
The orthorhombic unit cell parameters of suzukiite were refined as a = 5.3546(16), b = 15.249(5), c = 7.094(2) Å, and Z = 4. Refinements in the centric Cmcm and acentric C2cm converged to R1 = 2.11 and 2.03%, respectively. Final fractional atomic coordinates and anisotropic displacement parameters with equivalent isotropic displacement parameters are given in Table 3 . Differences in the atomic coordinates were less than triple the individual standard deviations between the centric and acentric models. The scarce differences indicated the substantially centric symmetry in the acentric model to verify the true space group of suzukiite to be the centric Cmcm.
The crystal structure of suzukiite ( Fig. 1 ) comprises BaO 11 polyhedra (dark green ellipsoids with bond sticks), SiO 4 tetrahedra (shaded in light blue), and VO 5 square Table 2 . Crystal data, results of structure refinements, and experimental details Table 1 . Chemical composition of suzukiite from the Mogurazawa mine, Gunma Prefecture, Japan pyramids (shaded in light green), and is isostructural with that of haradaite (Takéuchi and Joswig, 1967; Basso et al., 1995) . Selected interatomic distances and bond angles are summarized in Table 4 . Bond valence sums were calculated on the basis of the parameters introduced by Brese and O'Keeffe (1991) (Table 5) .
Silicate-vanadate layer
The SiO 4 tetrahedra share two of four apical O atoms to form zigzag Si 4 O 12 chains running parallel to the c axis.
The Si 4 O 12 chain is characterized by two Si-O-Si bridging connections with different bond angles: Si-O2-Si (180.0°) and Si-O4-Si (151.1°). The Si-O2 distance, 1.5941 Å, is shorter, whereas the Si-O4 distance, 1.6548 Å, is remarkably longer than the mean Si-O distance of the SiO 4 tetrahedron, 1.618 Å. The bridging O4 atom (orange ellipsoids in Fig. 1) shows extreme anisotropy in thermal displacement motions, namely ellipsoids flattened perpendicular to the Si-O-Si bridging directions. These crystallographic features indicate the flexibility in the connection angle of SiO 4 tetrahedra at the Si-O4-Si bridge, and the stiffness in the Si-O distance of covalent bonds. The tetravalent V 4+ cation forms a VO 5 square pyramid in the crystal structure of suzukiite, as it does in haradaite. The distance between the central V and apical O3 (pink ellipsoids in Fig. 1 ), 1.593 Å, is significantly shorter than the distance between V and O1 at the basal square corners (red ellipsoids in Fig. 1 ), 1.9986 Å. The V-O3 distances in haradaite (Basso et al., 1995) and the synthetic equivalent (Berger and Range, 1996) are also remarkably short (Table 4) . Berger and Range (1996) suggested that the V-O3 bond is a double bond wherein Table 3 . Atomic coordinates, site occupancies, and displacement parameters (Å 2 ) of suzukiite O3 as an oxo ligand provides the lone electron pair for the V atom. The bond valence sums for O3 (1.76 and 1.77 for suzukiite and haradaite, respectively) are apparently deficient compared to the ideal value of 2. The estimation would possibly be improved by considering the double bond effect in the bond valence calculation.
The VO 5 square pyramid shares the O1 atoms at the basal square corners, playing two different roles in linkages with the Si 4 O 12 chains. One of these roles is clamping the single silicate chain into a kinked zigzag chain. The other is hooking the zigzag chains to form a silicatevanadate layer. The c-axis length of the unit cell can be defined by the interval of a sequence of two basal triangles of kinked silica chain and one basal square of vana- Figure 1 . Representation of the crystal structure of suzukiite showing the stacking of silicate-vanadate layers linked by Ba ions. Crystal structure was illustrated using the structure-drawing program VESTA 3 (Momma and Izumi, 2011) . Table 4 . Interatomic distances (Å) and bond angles (°) of suzukiite and haradaite date pyramid in the 'clamping' direction. The a-axis length can be determined using the sum of O1-O1 distances of edges in the basal planes of SiO 4 and VO 5 in the 'hooking' direction.
Ba/Sr polyhedra
The Ba atom is bonded to 11 O atoms to form a BaO 11 polyhedron in the interlayer regions between two silicatevanadate layers. The crystal structure of suzukiite can be characterized by two types of chemical bonds: Si-O and V-O covalent bonds building layers up and Ba-O ionic bonds connecting the layers. This structural feature of suzukiite is closely related to the perfect {010} cleavage. It is worth noting that the Ba atoms are deflected from the middle point of the two layers and are biased towards one of the two layers alternately. The shape of BaO 11 polyhedra is considerably distorted; four Ba-O1 bonds are localized on a side of the far silicate-vanadate layer, whereas the other seven Ba-O bonds (one Ba-O3, two Ba-O4, and another four Ba-O1) are on the other side of the closer silicate-vanadate layer (Fig. 1) . The Ba-O1 bonds of the former four are at an angle facing the wall of the silicate-vanadate layer. The Ba-O3 bond is perpendicular to the other silicate-vanadate layer. These Ba-O1 and -O3 bond distances are significantly (4% and 5%, respectively) longer in suzukiite than those in haradaite (Table 4) . These elongations well correspond to the difference in the effective ionic radii (Shannon, 1976) of Ba 2+ and Sr 2+ . On the contrary, the two Ba-O4 bonds and the other four Ba-O1 bonds show insignificant (less than 3%) elongations in suzukiite with respect to the occupation of the larger Ba 2+ ion in the crystal structure of suzukiite (Table 4) . These Ba-O bonds are mostly parallel to the ac plane, and seem to be regulated by the intervals of O atoms on the surface of the silicate-vanadate layer as a tight framework. The inflexibility of the silicate-vanadate layer consisting of the Si 4 O 12 chains clamped and hooked by the VO 5 square pyramids causes the insufficient elongation of the Ba-O distance, resulting in the excess bond valence sum for Ba (2.33 in Table 5 ). It is suggested that the coordination of Ba in suzukiite is considerably stressed to be deformed. The substitution of smaller Sr 2+ ion for the larger Ba 2+ can ease the structural stress in the crystal structure of suzukiite. Although Sr 2+ is a minor constituent in suzukiite, it could contribute to stabilize the crystal structure.
Comparison between suzukiite and haradaite No significant differences were observed in the Si-O and V-O distances between suzukiite and haradaite (Table 4) . On the other hand, the difference in ionic radii between Ba 2+ and Sr 2+ anisotropically affects the Ba-and Sr-O interatomic distances in the crystal structures of suzukiite and haradaite. The (Ba,Sr)-O bonds mostly perpendicular to the ac plane, namely the silicate-vanadate layer, are apparently affected by the ionic radii of Ba and Sr, whereas those mostly parallel to the ac plane are not really. These structural features provide dimensions of the unit cells; comparable a and c, but different b between suzukiite, the Ba mineral, and haradaite, the Sr mineral (Table 6 ).
ACKNOWLEDGMENTS
We would like to thank Mr. M. Nagaosa for his kind encouragement to the first author. Thanks are also due to Mrs. M. Shigeoka for her assistance with electron microprobe analysis.
DEPOSITORY MATERIALS
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